I n this issue of Nature Immunology, Larghi and colleagues 1 report the involvement of the SNARE (soluble Nethylmaleimide-sensitive protein-attachment protein receptor) vesicle-associated membrane protein 7 (VAMP7), which regulates vesicular trafficking to the neurological synapse, in signaling downstream of the T-cell antigen receptor (TCR) and T-cell activation. Namely, they demonstrate that VAMP7 promotes the recruitment to TCR activation sites of the intracellular vesicular pool of the LAT (linker for activation of T cells) adaptor, thereby assisting the assembly of the LAT signalosome. This finding highlights vesicular trafficking to the immunological synapse as a central determinant in the translation of TCR triggering into the assembly of multimolecular signaling complexes that are known to orchestrate not only the activation of T cells, but also their development and function.
The immune synapse (IS) of effector T cells has long been known to represent a platform for the precise and effective delivery of vesicular cargo to their cell targets, in the form of lytic enzymes or cytokines. It is, however, relatively recently that we have come to appreciate the role of vesicular trafficking in the assembly and function of the IS formed by naive T cells upon encounter with an antigen-presenting cell carrying cognate MHC-associated peptide antigen. 2 The unexpected discovery that the center of the bull's eye structure of the IS, which had been initially proposed to act as the site of most active signaling by concentrating engaged TCRs and key signaling components, acts rather as the end of the conveyor belt where exhausted TCRs are cleared from the surface to make space for new TCRs to become engaged, has highlighted the central role of endocytic trafficking in the assembly of a functional IS. 3 Moreover, we now know that the TCR complexes that are mobilized to the IS originate not only from the plasma membrane associated pool, but also from an intracellular pool associated with recycling endosomes. 4 Central membrane-associated regulators of TCR signaling, such as the kinase Lck (lymphocyte-specific protein tyrosine kinase) and the adaptor LAT, also exploit recycling to move to the IS. 5, 6 This mechanism has been suggested to ensure a long-lasting supply of receptors and signaling mediators at this location, which is essential to sustain signaling for the extended timeframe required for naive T-cell activation. The report by Larghi and collegues provides now evidence of a direct link between exocytic trafficking and TCR signaling at the IS by implicating the SNARE VAMP7 in the mobilization of vesicular subsynaptic LAT molecules close to TCR activation sites, where they become competent to orchestrate downstream signaling.
LAT is a transmembrane protein that is essential for TCR signaling and T-cell activation. 7 When phosphorylated on tyrosine residues in the cytosolic tail in response to TCR engagement, LAT acts as a scaffold for the assembly of multimolecular complexes, collectively known as the LAT signalosome, which translate TCR triggering into multiple activationinduced responses, including remodeling of the T-cell cytoskeleton and fine tuning of T-cell development and function. 8 In addition to being associated with the plasma membrane in the form of pre-existing clusters, LAT molecules also form an intracellular pool which partially colocalizes with transferrin positive recycling endosomes. 6 While both pools are recruited to the IS, with a rapid mobilization of plasma membraneassociated LAT and a more delayed mobilization for vesicular LAT, it is the intracellular pool of LAT that appears to be centrally required for full LATdependent TCR signaling. 6 This is further supported by recent findings showing that LAT molecules associated with subsynaptic vesicles, rather than LAT molecules forming pre-existing domains at the plasma membrane, are phosphorylated following TCR engagement. 9 Of note, LAT containing vesicles frequently associate with surface microclusters of the adaptors SLP-76 (SH2 domain containing leukocyte protein of 76 kDa) and GADS (Grb2-related adaptor downstream of Shc) , where phosphorylated LAT is prominently represented, 10 suggesting that vesicular LAT is phosphorylated on encounter of SLP-76 microclusters at the plasma membrane. While these data provide strong evidence of the central role of vesicular LAT in TCR signaling, the machinery responsible for the recruitment of the subsynaptic pool of LAT to the TCR activation sites has to date not been identified. Larghi and colleagues now show that VAMP7, a member of the SNARE protein family that controls trafficking and docking of subsynaptic vesicles containing neurotransmitters at the neurological synapse, is required for the recruitment of vesicular LAT to TCR activation sites, thereby promoting the assembly of LAT signalosomes and T-cell activation.
Using total internal reflection fluorescence microscopy to investigate the localization of LAT, Larghi and colleagues found a higher concentration of LAT molecules at the surface of Jurkat cells activated by co-engagement of CD3 and CD28, when compared to Jurkat cells depleted of VAMP7 by expression of VAMP7-specific shorthairpin RNAs (shRNAs). This was confirmed on primary human CD4 1 T cells as well as CD4
1 T cells from VAMP7-deficient mice. This function was specifically mediated by VAMP7, as elegantly demonstrated by transfecting Jurkat cells with a gene encoding the proteolytic light chain of tetanus neurotoxin, which is known to cleave and inactivate vSNAREs other than VAMP7. As Jurkat cells expressing active tetanus neurotoxin did not show diminished LAT recruitment to TCR activation sites, they conclude that the neurotoxin-insensitive SNARE VAMP7 is the sole regulator of vesicular LAT recruitment to activated receptors. Furthermore, a single-molecule analysis of LAT recruitment to TCR activation sites using photoactivation-localization microscopy revealed that activated Jurkat cells expressing VAMP7-specific shRNAs not only display a lower density of LAT at the cell surface, but also a lower level of LAT clustering compared to control cells.
Since LAT phosphorylation requires its juxtaposition to activated TCRs, 9 the authors next asked whether LAT phosphorylation was affected when the recruitment of vesicular LAT was impaired by VAMP7 depletion. Using multiple experimental approaches, they found a significant impairment in LAT phosphorylation in Jurkat cells and human primary T cells expressing VAMP7-specific shRNAs as well as in CD4
1 T cells from VAMP7-deficient mice when compared to control cells. In agreement with the central role for LAT phosphorylation in regulating activation-induced T-cell responses, the authors show that VAMP7 is required for TCR-induced activation of T cells, as assessed by measuring IL-2 production, expression of the activation marker CD69 and cell proliferation. Surprisingly, Larghi and colleagues found that while VAMP7 controls the recruitment to the LAT signalosome of phospholipase C-c1 and SLP-76, which are known to bind to phosphorylated LAT, 11, 12 the phosphorylation status of these molecules is not impaired in T cells expressing VAMP7-specific shRNAs compared to control cells, at variance with downstream signaling mediators such as the MAP kinases Erk1/2. This suggests that early signaling events induced by TCR triggering could depend on the clustering of plasma membrane LAT rather than on the recruitment of vesicular LAT, and that the latter may rather be implicated in stabilizing these signaling mediators close to the activated TCRs.
When the authors looked at the localization of VAMP7 relative to LAT in T cells, they observed that VAMP7 partially colocalizes with LAT in intracellular vesicular compartments close to the microtubule-organizing center (MTOC) that are recruited to the IS when the MTOC polarizes to the contact site with the antigen-presenting cell. Using total internal reflection fluorescence microscopy, they demonstrate that activation of Jurkat cells by immobilized anti-CD3 and anti-CD28 monoclonal antibodies induces the appearance close to the cell surface of microclusters containing LAT and VAMP7, which rapidly appear and disappear, suggesting repeated cycles of docking and undocking to the plasma membrane. Remarkably, using an elegant flow cytometric approach based on an engineered LAT molecule provided with an extracellular hemagglutinin tag that can be cleaved by a specific protease, the authors show that, once recruited to TCR activation sites, the vesicular pool of LAT does not fuse with the plasma membrane. This finding, which is very surprising since VAMP7 is well known to mediate the docking and fusion of donor vesicles with target membranes in other cells, raises the question of how TCR-associated kinases can phosphorylate vesicle-associated LAT molecules once these have been recruited to the TCR activation sites. The authors suggest two interesting hypotheses to explain these findings. According to the first model (Figure 1 , left), VAMP7 would bring the subsynaptic LAT pool in close proximity to activated receptors at the plasma membrane, resulting in its transphosphorylation and formation of a vesicular, membrane-proximal LAT signalosome. As VAMP7 and LAT were recruited to the IS together with the MTOC, it is conceivable that VAMP7-dependent delivery of LAT molecules close to the cell surface could depend on the movement of VAMP7-containing vesicles from the MTOC to the cell periphery along the microtubule network. Formation of a complex involving VAMP7, the guanine nucleotide exchange factor Rab21, the kinesin Kif5A and the microtubule regulator MACF1 is indeed required for directed movement of VAMP7 vesicles from the cell center to the cell periphery. 13 According to the second model (Figure 1, right) , VAMP7 would promote the fusion between LAT-containing vesicles and endocytic compartments containing internalized kinase-associated TCR complexes, and hence, part of the TCR-induced signaling cascade, beginning from the cis-phosphorylation of LAT, would take place in endocytic compartments. This mechanism, which had been described several years ago for the epidermal growth factor receptor, 14 has recently been documented for the B cell receptor with the finding that signaling continues after endocytosis 15 and would be consistent with the evidence that tyrosine-phosphorylated CD3f accumulates in endosomal vesicles distinct from lysosomes. 16 It should be underlined that, at variance with the notion that only vesicular LAT becomes phosphorylated in response to TCR engagement, 9 a recent report has provided evidence that plasma membrane-associated LAT is recruited within seconds to activation-induced microclusters, where its is rapidly phosphorylated. 17 This result, which brings back into play the plasma membrane pool of LAT in the initial, rapid response to TCR engagement, indicates that the temporal timeframe of TCR signaling should be taken into account in the models that describe how LAT signals downstream of the TCR.
What remains to be clarified in the molecular mechanism responsible for the recruitment of the subsynaptic pool of LAT-containing vesicles to TCR activation sites is the regulation of the final docking step to the plasma membrane. This event is very likely to be mediated by the interaction of VAMP7 at the donor membrane of the LATpositive vesicles with a complementary t-SNARE at the acceptor membrane. Larghi and colleagues show that the binding partner of VAMP7, syntaxin 4, which was previously shown to cluster to the IS and regulate polarized TCR recycling, 4 associates with TCR activation sites even when VAMP7 is silenced. This indicates that the mobilization of syntaxin 4 to the IS precedes that of VAMP7 and suggests that the recruitment of VAMP7 partners to the plasma membrane may precondition the local microenvironment, promoting the formation of SNARE complexes. Alternatively, the authors suggest that actin remodeling at the cell surface may favor the docking of LAT-containing subsynaptic vesicles to plasma membrane domains enriched in signaling molecules by generating forces that could facilitate the apposition of membranes, as documented during granule release in natural killer cells and mast cells. 18, 19 Another point that needs to be elucidated is the relationship of LAT with the recycling compartment. The association of LAT with endosomes marked by the transferrin receptor, which returns to the plasma membrane after releasing its iron cargo, must be reconciled with the finding that the LAT-containing endosomes do not readily undergo fusion with the plasma membrane (although this eventually occurs at late times post-stimulation). This implies either the existence of distinct pools of vesicular LAT or a further complexity in the trafficking pathway that regulates the last steps of LAT targeting to the IS. While we are looking forward to the full characterization of this process, the data presented in this report strongly underscore the central role of vesicular trafficking in the assembly and function of the immunological synapse far beyond focalized exocytosis. Defining the intracellular dynamics of receptors and signaling molecules that are mobilized to the IS, which is now possible thanks to high resolution imaging technologies, is likely to bring a new dimension to our understanding of the complex pathways that orchestrate T-cell activation.
